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Previous work has shown that ultrasonic backscatter is sensitive to 
the presence of porosity in fiber-reinforced laminates. In the case of 
oblique incidence, the dependence of backscatter on azimuthal angle will 
change with the introduction of randomly distributed porosity [1-6], and 
the observed change in azimuthal dependence appears to depend on the mor-
phology of the introduced porosity [4]. Additionally, it was shown that 
temporal frequency spectra of backscatter from composite laminates dis-
play characteristics arising from the laminate structure which can be 
observed through appropriate signal processing, and that these spectral 
characteristics are altered by the introduction of porosity [4]. 
The ultimate origin of backscatter in a detect-free composite is,of 
course, the reinforcing fibers. It has been suggested, however, that the 
origins of the backscattered signals are more appropriately viewed as the 
spatial inhomogeneities in the distribution of the reinforcing fibers 
(i.e., a higher order mUltiple scattering effect), rather than the indi-
vidual fibers [4-7]. An analysis has been developed which models back-
scatter from large, distributed inhonogeneities in a transversely isotro-
pic layer, as well as distributed porosity [5-8]. Extensive comparisons 
of experiment and theory have shown good agreement between them [5,61. 
The previous work cited in Refs. 4-7 considered primarily unidirec-
tionally reinforced composite laminates, i.e., those in which the rein-
forcing fibers in all plies run in the same direction. This paper dis-
cusses the application and extension of the previously developed experi-
mental techniques to multidirectionally reinforced composite laminates, 
i.e., those in which the reinforcing directions in successive plies are 
rotated. The layered anisotropic structure of the multidirectionally 
reinforced laminates has significant consequences for the application of 
the previously developed angular scanning and spectral analysis 
techniques. 
EXPERIMENTAL METHODS AND RESULTS 
The experimental arrangement is summarized in Fig. 1a. The sub-
merged composite specimen is rotated through azimuthal angle ~ (i.e., 
about its perpendicular) by a computer-controlled stage. For backscatter 
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measurements, a single ~ransducer is used in a pulse-echo co~figuration 
oriented at a polar angle e measured from the perpendicular. For angular 
through-transmission measurements, a second transducer is placed behind 
the specimen. Figure lb is a backscattered signal received in response 
to an -1.5-cycle incident pulse, which illustrates the random scattering 
typical of the composites under study. Ensembles of such random signals 
are obtained at 360 discrete azimuthal positions covering 360°. At each 
azimuthal position, signals are received from a 6 x 6, x-y translational 
scan covering a 2.4 x 2.4-cm grid. 
o 
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(a) Ultrasonic backscatter experiment; (b) typical back 
scattered signal received from composite laminate. 
f,. 10 MHz; e .. 35°. 
The composite specimens studied consist of 16 plies of graphite-
epoxy prepreg layed up in a 0°, +45°, -45°, and 90° pattern with a total 
specimen thickness of -2 Mm. Porosity was introduced during manufacture 
at levels ranging from 0 to 6%, measured by acid digestion. Detailed 
descriptions of these specimens can be found in Refs. 3 and 4. 
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Angular Dependence of Backscatter 
As discussed in Ref. 4, the parameter examined as a function of 
azimuthal angle + is <E(+,p», where < > denotes spatial averaging: 
(1) 
where E is related to the total energy carried by the backscattered 
wavetrain, p is the porosity level; and V(t) is the backscattered signal, 
as shown in Fig. lb. 
Azimuthal scans of mu1tidirectiona11y reinforced specimens con-
taining porosity levels of 0.34, 1.25, 2.82, and 4.05% are presented in 
Fig. 2 for two different polar angles and incident-pulse center frequen-
cies, f. The peaks in the backscatter curves correspond to azimuthal 
incidence perpendicular to the fiber direction in a constituent ply. The 
peak at + - 0 corresponds to the top ply in the specimen. The top ply of 
each specimen is thinner than the others owing to surface polishing; 
hence, the + - 0 peak is not always the largest, depending on the polar 
angle. 
Observations. The major observations are as follows: 
(1) In all cases, the greatest separation between successive curves is 
seen between the 0.34 and 1.25%-porosity curves. The 1.25 and 
2.82%-porosity curves are nearly coincident in all cases. 
(2) For 6 D 20° (Figs. 2a and 2b), the shape of the backscatter curves 
(e.g., peak-to-va11ey amplitude difference) is similar for p - 0.34, 
1.25, and 2.82%. For 6 = 30° (Figs. 2c and 2d), the shape of the 
backscatter curve is markedly different for the specimens with 0.34 
and 1.25% porosity. In general, the shape of the backscatter curve 
in Figs. 2a-2c becomes more irregular as porosity increases. 
(3) In Fig. 2d, the peaks at + - 45 and 135°, corresponding to azimuthal 
incidence perpendicular to the fiber direction in the fourth and 
third plies, respectively, are missing. 
Interpretation. The missing peaks in Fig. 2d are due to the trans-
mission characteristics of the layered anisotropic medium. Figure 3 pre-
sents a through-transmission polar angle scan obtained with a pair of 
10-MHz center-frequency transducers. Three 2-mm-thick unidirectiona11y 
reinforced specimens were stacked with fiber orientations of 0° (top 
specimen), +45°, and -45°. Azimuthal incidence was perpendicular to the 
bottom (-45°) specimen. Little transmission is seen beyond 6 = 30°, thus 
explaining the missing peaks. In contrast, transmission through a single 
unidirectional specimen occurs for polar angles well beyond 30° [4]. 
Note that the peaks at 6 - 45°, 135° are not missing in Fig. 2(c) 
(6 - 30°, f - 2.25 MHz). This frequency dependence of transmission is 
investigated in the next section of this paper. 
The porosity in these specimens has been shown to possess a cylin-
drical morphology [9]. Likewise, the fiber-related inhomogeneities 
possess a cylindrical morphology. It is useful to discuss an "effective" 
aspect ratio which describes the effect of the scattering-center mor-
phology on the shape of the backscatter curve. A comparison of the peak-
to-valley differences in the porosity-free (0.34% porosity) curves of 
Fig. 2 reveals that the effective aspect ratio of the fiber-related 
scattering centers, regardless of how it is defined, increases with 
increasing polar angle. The dependence of the shape of the porosity-free 
backscatter curve on polar angle was not as pronounced in the unidi-
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rectionally reinforced specimens (4). It is therefore conceivable that 
dependence of the fiber-related backscatter on polar angle is due largely 
to scattering by the ply interfaces; interface scattering is stronger in 
the multidirectionally reinforced laminates because of the change in 
elastic properties across the ply boundary. 
Fig. 2. 
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Backscatter scans of multidirectionally reinforced composite 
specimens with four different porosity levels. (a) a = 20°, 
f - 2.25 MHz; (b) a = 20°, f .. 10 MHZ; (c) a = 30°, 
f - 2.25 MHz; (d) a = 30°, f = 10 MHz. 
f " 10 MHz 
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Fig. 3. Through-transmission polar-angle scan of three unidirectional 
specimens in a 0°, +45°, -45° stack with azimuthal incidence 
perpendicular to the -45° specimen. 
The fact that the shape of the backscatter curves in Figs. 2a and 2b 
undergo little change with increasing porosity levels indicates that the 
effective aspect ratio of the porosity morphology is similar to that of 
the fiber-related scattering centers when 6 = 20°. The change in the 
shapes of the backscatter curves in Figs. 2c and 2d (6 = 30°) as the 
porosity level increases indicates that the effective aspect ratio of the 
fiber-related scattering centers increases more rapidly with increasing 
polar angle than does that of the porosity. 
Quantification. A simple way to quantify the previous observations 
is to express the backscatter curves C("p) of Fig. 2 as a sum of the 
mean value C plus the deviation about the mean value C, 
-C() 1 '0360 C( d.,p) dd. p = 360)' 'I' 'I' (2a) 
C("p) - C("p) - C(p) (2b) 
The change in the shape of the backscatter curve c~ be quantified 
by calculating the integrated square of the difference C, where 
- 360 2 C(p) = fo [C("p) - C(,,0.34)] d, (3) 
Plots of C for the curves of Figs. 2a-2c are shown in Fig. 4a. As 
previously noted, the change in the shape of the curve is greatest for 
the f = 2.25 MHz, 6 - 30° curve. The sharp increase at 4.05% porosity 
represents the suppression of scattering peaks due to increased ultra-
sonic attenuation. 
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Although it is desirable to examine changes in the angular direc-
tivity of backscatter by comparing the shape of logarithmic plots such as 
those of Fig. 2, it is perhaps more appropriate to present data per-
taining to the overall amplitude of backscatter on a linear plot, since, 
in the first theoretical approximation, the scattering amplitude is 
linearly proportional to the volume percent of porosity. Figure 4b is a 
linear plot of the change in mean value of the backscatter curves, 
F(p) - lOr dC(p)/20] (4) 
where AC(p) - C(p) - C(0.34). Note that if the received backscatter 
signal V(t",p) is 1inesr1y proportional to the percent porosity, F(p) -
p/0.34. As previously noted, a rapid increase is seen between 0.34% and 
1.25% porosity. The change between 1.25% and 2.82% is less signi-
ficant. In the 2.25-MHz data, a significant increase is again seen 
between 2.82% and 4.05% porosity. 
Frequency Dependence of Backscatter 
Propagation in the layered composite structure will display resonant 
characteristics when the wavelength is comparable to the ply thickness. 
Evidence of such frequency-dependent effects was seen in the comparison 
of Figs. 2c and 2d, in which the depth of penetration ~aried signifi-
cantly with wavelength. This phenomenon was investigated further by 
performing azimuthal through-transmission scans with a pair of 10-MHz 
center-frequency transducers. The frequency spectra of the through-
transmitted pulses are plotted versus incident azimuthal angle , to 
obtain the three-dimensional surfaces shown in Fig. 5. The entire 
through-transmitted pulse was analyzed; no discrimination of mode types 
was attempted. Furthermore, no deconvolution of transducer response was 
performed, since the low-frequency roll-off of the transducer pair appro-
priately matched the low-pass response of the composite. Figure 5a is 
for a polar angle of e - 30°, corresponding to Figs. 2c and 2d. Sharply 
defined "windows" of transmission exist in the azimuthal-angle/frequency 
plane. Note that at -2.5 MHz and below, the transmission behavior is 
relatively uniform with respect to azimuthal angle. Thus, the trans-
mission properties of the composite pass through a transition from those 
of an isotropic to a layered anisotropic medium in the 1- to 10-MHz 
range. Figure 5b is for e - 20°, corresponding to Figs. 2a and 2b. 
Again, sharply defined windows of transmission exist, and transmission is 
uniform with respect to azimuthal angle below -2.5 MHz. The relative 
amplitude of the -2-MHz signal is smaller than in Fig. 5a; this obser-
vation indicates that the high-frequency roll-off of transmission in the 
composite is not as severe at e ~ 20°. 
The peaks and valleys in Fig. 5 correspond to resonant modes in the 
composite laminate structure. A signal-processing algorithm was de-
veloped for the extraction of such resonant characteristics from the 
random backscattered signals (as in Fig. lb). A description and evalu-
ation of this algorithm, along with an application to backscatter from 
unidirectional composites, is found in Ref. 4. The algorithm is stated 
succinctly as 
S(oo) m J:~ I J:~ g(t - s) V(t) exp (ioot)dt I ds 
where V(t) is the backscattered signal and g(t) is a gate function. 
Results of the application of this algorithm to backscattered signals 
from the multidirectionally reinforced composites are presented in 
(5) 
Fig. 6. A 5-MHz center-frequency transducer was used, with a polar angle 
e of 20° and an azimuthal orientation corresponding to the peak in 
Fig. 5b at 5 MHz and, = _110°. A Gaussian gate -1.2 ~s long was used in 
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Eq. (5). Figure 6a shows the output of the algorithm for the specimens 
with 0.34%, 1.25%, and 2.82% porosity. Figure 6b shows the same spectra 
after normalization by the output of the algorithm as applied to a 6 x 6 
scan of a 1.25-in.-diam Si3N4 ball. The apparent resonances, clearly 
seen in Fig. 6, are more pronounced that those seen in the unidirec-
tionally reinforced composite [41. Interface scattering is stronger in 
the multidirectionally reinforced specimens because of the differences in 
symmetry orientation of the elastic properties between adjacent plies, 
resulting in correspondingly stronger interply resonances. The effect of 
porosity is seen to be the lessening of the quality ("Q") of the reso-
nances, as well as a shift downward in frequency. For example, the 
minimum in Fig. 6b at -4.5 MHz increases in amplitude and shifts to lower 
frequencies as the porosity level increases. 
... 
... 
Fig. 4. 
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Quantitative measures of changes in (a) shape, and (b) mean 
value of backscatter curve with increasing porosity. 
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Fig. 5. Through-transmission amplitude as function of frequency and 
azimuthal angle for (a) e = 30° and (b) e = 20°. 
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Fig. 6. Resonant spectral features of backscatter for multidirec-
tionally reinforced composite with e ~ 20°. (a) Algorithm 
output of received signal; (b) same spectra after normal-
ization. 
CONCLUSIONS AND SUMMARY 
9 .6 
A comparison of azimuthal backscatter scans revealed that the best 
discrimination between porosity levels in the multidirectionally rein-
forced composite specimens examined in this study was obtained at rela-
tively large polar angles and low frequency, in which case the intro-
duction of porosity caused significant changes in both the mean value and 
shape of the backscatter curve. The ultrasonic backscatter data were 
shown to be influenced by frequency-dependent transmission properties. 
Below -2.5 MHz, the angular transmission properties resemble those of an 
isotropic medium. Above -2.5 MHz, transmission displays a resonant 
behavior typical of a layered anisotropic medium. The resonant charac-
teristics of propagation above -2.25 MHz are observed in the back-
scattered signals by applying signal processing which reduces the 
influence of random phase information. Spectral characteristics indi-
cative of resonant modes in the composite laminate were shown to be 
sensitive to the introduction of porosity. 
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